Hair cells of the inner ear are not normally replaced during an animal's life, and must continually renew components of their various organelles 1 . Among these are the stereocilia, each with a core of several hundred actin filaments that arise from their apical surfaces and that bear the mechanotransduction apparatus at their tips. Actin turnover in stereocilia has previously been studied 2 by transfecting neonatal rat hair cells in culture with a b-actin-GFP fusion, and evidence was found that actin is replaced, from the top down, in 2-3 days. Overexpression of the actin-binding protein espin causes elongation of stereocilia within 12-24 hours, also suggesting rapid regulation of stereocilia lengths 3 . Similarly, the mechanosensory 'tip links' are replaced in 5-10 hours after cleavage in chicken and mammalian hair cells 4,5 . In contrast, turnover in chick stereocilia in vivo is much slower 6 . It might be that only certain components of stereocilia turn over quickly, that rapid turnover occurs only in neonatal animals, only in culture, or only in response to a challenge like breakage or actin overexpression. Here we quantify protein turnover by feeding animals with a 15 Nlabelled precursor amino acid and using multi-isotope imaging mass spectrometry to measure appearance of new protein. Surprisingly, in adult frogs and mice and in neonatal mice, in vivo and in vitro, the stereocilia were remarkably stable, incorporating newly synthesized protein at ,10% per day. Only stereocilia tips had rapid turnover and no treadmilling was observed. Other methods confirmed this: in hair cells expressing b-actin-GFP we bleached fiducial lines across hair bundles, but they did not move in 6 days. When we stopped expression of bor c-actin with tamoxifen-inducible recombination, neither actin isoform left the stereocilia, except at the tips. Thus, rapid turnover in stereocilia occurs only at the tips and not by a treadmilling process.
Hair cells of the inner ear are not normally replaced during an animal's life, and must continually renew components of their various organelles 1 . Among these are the stereocilia, each with a core of several hundred actin filaments that arise from their apical surfaces and that bear the mechanotransduction apparatus at their tips. Actin turnover in stereocilia has previously been studied 2 by transfecting neonatal rat hair cells in culture with a b-actin-GFP fusion, and evidence was found that actin is replaced, from the top down, in 2-3 days. Overexpression of the actin-binding protein espin causes elongation of stereocilia within 12-24 hours, also suggesting rapid regulation of stereocilia lengths 3 . Similarly, the mechanosensory 'tip links' are replaced in 5-10 hours after cleavage in chicken and mammalian hair cells 4, 5 . In contrast, turnover in chick stereocilia in vivo is much slower 6 . It might be that only certain components of stereocilia turn over quickly, that rapid turnover occurs only in neonatal animals, only in culture, or only in response to a challenge like breakage or actin overexpression. Here we quantify protein turnover by feeding animals with a 15 Nlabelled precursor amino acid and using multi-isotope imaging mass spectrometry to measure appearance of new protein. Surprisingly, in adult frogs and mice and in neonatal mice, in vivo and in vitro, the stereocilia were remarkably stable, incorporating newly synthesized protein at ,10% per day. Only stereocilia tips had rapid turnover and no treadmilling was observed. Other methods confirmed this: in hair cells expressing b-actin-GFP we bleached fiducial lines across hair bundles, but they did not move in 6 days. When we stopped expression of bor c-actin with tamoxifen-inducible recombination, neither actin isoform left the stereocilia, except at the tips. Thus, rapid turnover in stereocilia occurs only at the tips and not by a treadmilling process.
To understand protein turnover in the inner ear, we sought a method that could reveal new synthesis with high spatial resolution, in adult animals, in vivo, and without transfection of cells. We fed frogs with food containing L-leucine tagged with the stable isotope 15 N for up to 32 days, and killed them by cardiac perfusion. As leucine is an essential amino acid, newly synthesized protein would contain 15 N in nearly the same proportion as the food. To locate 15 N-tagged protein, plastic sections of frog saccules were placed onto silicon wafers or electron microscopy grids for multi-isotope imaging mass spectrometry (MIMS) imaging. We detected nitrogen as the CN 2 ion, with the MIMS detectors set for the masses of 12 C, 13 C, 12 C 14 N and 12 C 15 N, and calculated the 15 N/ 14 N ratio at each location in a field 7, 8 (see Methods).
A mass-26 ( 12 C 14 N) image of the saccular macula, representing total protein, shows the apical surface of a hair cell with its hair bundle ( Fig. 1a , left). Lateral resolution approaches 30 nm, and depth resolution is ,2 nm (ref. 7) . The mass-27 channel ( 12 C 15 N; not shown) revealed newly synthesized protein, and the mass-27/mass-26 ratio indicated per cent incorporation. A ratio image ( Fig. 1a , right, 32 days of feeding) shows that the stereocilia incorporate new protein more slowly than the cell body. We quantified turnover by summing the mass-26 and mass-27 counts for all pixels in each region of interest (ROI) and calculated per cent incorporation ( Fig. 1c stereocilia incorporated new protein at ,0.3% per day, far lower than the 50% per day suggested for actin in mammalian cochlea 2 . One difference is that MIMS assesses total protein; perhaps actin turns over rapidly but most other proteins are very stable. However, actin is 50-60% of the total protein in stereocilia 9,10 and would account for the majority of the MIMS signal.
Surprisingly, incorporation seemed higher at the very tips of stereocilia ( Fig. 1b ). Incorporation at the tip almost equalled that of cytoplasm ( Fig. 1c ). In this bundle, incorporation at the tips of all stereocilia was 12.5%, compared to 6.1% in the shafts. We also measured incorporation in individual ROIs along the length of a stereocilium. Of 37 frog stereocilia, there was no correlation with height in 31 and positive correlation in just one, inconsistent with movement of the 15 N label from top to bottom.
Protein turnover in bullfrog stereocilia was much slower than that inferred for mouse and rat hair cells 2, 11 , leading us to wonder whether turnover is more rapid in mammals. We fed adult mice 15 N-leucine and killed them after 1, 2, 8, 32, 56 or 150 days. In the mouse vestibular system, 15 N incorporation was faster in the cytoplasm of hair cells and supporting cells ( Fig. 2a , b, e; ,7% per day initially) but still slow in stereocilia (,3% per day initially). This was not a peculiarity of actinbased structures: intestinal-brush-border microvilli showed more incorporation than the cytoplasm, and much more than stereocilia ( Supplementary Fig. 2 ).
The MIMS instrument acquires repeated images, slowly etching the surface to create thousands of XY planes with a Z resolution of approximately 1 nm allowing the creation of a three-dimensional representation ( Fig. 2c, d and Supplementary Movies 1 and 2). In mouse utricle, incorporation was again much higher in the tips than elsewhere in stereocilia. Although tip labelling would be expected in the initial phase of treadmilling, the high-turnover region never extended much below the top micrometre, which apparently represents a fixed zone that does not move down by treadmilling.
We then wondered whether turnover is more rapid in cochlear than vestibular hair cells. Apparently not: at 8, 32, 56 and 150 days ( 
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initially) than did cell bodies or cuticular plates (,3.5% initially). Moreover, adult stereocilia apparently have a pool of protein that is replaced exceedingly slowly: 15 N incorporation after 5 months was ,60%.
A three-dimensional image of cochlear hair bundles ( Fig. 2h and Supplementary Movie 3) also showed high turnover in the distal micrometres of the sterocilia. At 56 days, 15 N incorporation was 40% along most of the length of individual stereocilia, but .80% at the tips (Fig. 2i ). Except for the tips, we did not see a gradient of incorporation. In addition, the resolution of MIMS revealed higher turnover in the region of the cell membrane than in stereocilia cores ( Fig. 2i , inset), perhaps reflecting rapid diffusion of some membrane proteins 12 .
Elsewhere in the cochlea, 15 N incorporation varied considerably ( Supplementary Fig. 1 ). Like the frog otolithic membrane, the mouse tectorial membrane was exceptionally stable, with ,10% 15 N incorporation in 5 months. Pillar cell shafts, containing stiff microtubule bundles, had just 23% incorporation. The reticular lamina, comprising the actin-rich cuticular plates of hair cells, terminal webs of Dieter's cells and their zonulae adherens, showed low turnover. Thus, low turnover occurred in structures that convey sound to stereocilia.
Protein turnover could be more rapid in neonatal mice. To test this, mice were moved at birth to surrogate mothers that had been fed 15 N for 24-28 days to raise the 15 N content of their milk; pups were nursed for 0-15 days before being killed. In a second group, mothers were fed 15 N before and during pregnancy. At birth, pups were moved to control nurse mothers, and protein turnover was measured as 15 N loss. Pups nursed by 15 N mothers showed a normal rise in 15 N in utricular cytoplasm ( Supplementary Fig. 3) , with 30-50% incorporation in 4 days. In stereocilia, protein turnover was slower, with 25% in 4 days ( Supplementary Fig. 3b, g) . A three-dimensional rendering also showed low turnover in stereocilia, except at the tips ( Supplementary Fig. 3c ).
A difficulty in interpretation is that about half the hair bundles in the mouse utricle develop postnatally 13 , so incorporation of new protein in the stereocilia might reflect development rather than turnover. Indeed, small bundles, presumably still developing, showed high incorporation ( Supplementary Fig. 4 ), and were therefore excluded from the analysis in Supplementary Fig. 3g . Another difficulty is the assumption that tagged leucine is incorporated equally into proteins. Proteins with a lower abundance of leucine than the average (9.36%) would have a lower 15 N/ 14 N ratio, which might be interpreted as slow turnover. In fact, stereocilia proteins do have less leucine. The ten most abundant proteins of neonatal rat utricular stereocilia (P. Gillespie, personal communication), adjusted for abundance, have 8.53% leucine. This is not enough to account for low stereocilia incorporation, but we sought a different way to measure turnover.
We therefore measured the loss of 15 N in pups born to 15 N-fed mothers but nursed by controls, normalizing 15 N levels in each structure to that at postnatal day (P)0 ( Supplementary Fig. 3h ). Consistent with some postnatal bundle development, small bundles had little or no label, but full-sized hair bundles retained 15 N for many days, with 70% remaining at P4 ( Supplementary Fig. 3d-f, h and Supplementary Fig. 4 ).
Perhaps turnover in stereocilia is more rapid in vitro. We cultured utricles from P0 pups and added 15 N-leucine after one day. Over four more days, hair bundles showed relatively low 15 N incorporation (,8% per day versus 12-16% per day in cytoplasm; Supplementary Fig. 5 ).
Perhaps the fluorescence previously observed 2 was due to newly synthesized b-actin-GFP that was only a small fraction of the actin in the core-in essence a tracer for treadmilling, the bulk of which was driven by recycling of actin monomers that are only slowly replaced. To assess treadmilling with an alternative to MIMS, and with steady rather than transient expression of a tracer, we constructed mouse lines expressing b-actin-GFP under the myosin-7a promoter ( Supplementary Fig. 6 ). Stereocilia were brightly fluorescent ( Fig. 3 ). We dissected utricles at ages P0-P5 and cultured them for 1 day. In a confocal microscope, we selected a field in which the epithelium was tilted sideways, and bleached the GFP in a 1-mm-wide line mostly perpendicular to the bundle axis, for 5-8 bundles (Fig. 3b, c) . A three-dimensional confocal stack was acquired, and the utricle placed back into culture. Two, four and six days later, each utricle was returned for imaging ( Fig. 3d ). The bleached line was sometimes obscured if the bundle axis changed in culture, but the three-dimensional image could be used to reconstruct it. In all experiments, we saw no significant movement of the bleached line ( Fig. 3f ). On average, the line moved by 2 6 3% of the bundle height in 6 days (Fig. 3g) .
It is possible that our cultures were not healthy, and that treadmilling was impaired. However, in the same utricles, we observed the appearance and growth of new bundles. Moreover, both bleached and unbleached hair cells took up the fluorescent dye RH414, a marker for functional transduction (data not shown). Thus an independent method gave no evidence of treadmilling on a timescale of days.
The GFP tag could have inhibited treadmilling in Myo7a::b-actin:GFP mice. We therefore studied treadmilling by terminating bor c-actin expression and following the redistribution of actin with antibodies. Mice expressing a tamoxifen-inducible Cre under the b-actin promoter were crossed with mice carrying either a floxed bor c-actin gene 14 . At 3 
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weeks of age, after bundles had developed, mice were given tamoxifen to promote excision. One, three, eighteen or thirty-four weeks later, we fixed and removed cochleas, and used antibodies specific for band c-actin.
In control mice without tamoxifen, band c-actin were uniformly distributed (Fig. 4a ). If there is rapid treadmilling in adults, b-actin protein should be lost from stereocilia soon after excision prevented b-actin gene expression. Similarly, c-actin should be lost in mice with a floxed c-actin gene. This occurred, but only for a 0.4-mm region at stereocilia tips (Fig. 4a, b) . The rest of the stereocilium retained the deleted actin isoform, and the region of isoform loss did not progress towards stereocilia bases, even after 34 weeks.
The MIMS method provides a new way to study protein stability in the inner ear 7 . MIMS is based on Schoenheimer's pioneering use of stable isotopes to reveal the dynamics of cellular components 1 , but adds imaging with exceptional spatial resolution. 15 N incorporation can be calculated with an accuracy that depends only on acquisition time. It does not rely on tagging any one protein species, or transfecting a specific cell type.
In contrast to previous studies 2 , MIMS revealed unexpectedly low turnover of protein in hair-cell stereocilia. Incorporation of 15 N in stereocilia occurred at ,0.3% per day in frog, ,2% per day in adult mouse and ,9% per day in neonatal mice, incompatible with treadmilling in 2-3 days. By bleaching fluorescently labelled actin in bundles, we saw no significant movement of the actin. Finally, excision of the band c-actin genes in mature mice showed loss of the excised actin from the stereocilia tips, but not a progressive loss from tip to base. We found no evidence for treadmilling of stereocilia cores, over weeks or even months. It is possible that the previously observed treadmilling was produced by overexpression of b-actin, if the exogenous actin significantly exceeds endogenous actin. Or-at least in the vestibular system-addition of actin to hair bundles developing postnatally might have confused interpretation.
Nevertheless, there is a conspicuously dynamic turnover of protein at the tips of stereocilia, in the distal 0.3-0.5 mm. This could represent turnover of transduction components, which can be replaced in hours when damaged 4, 5 . It could represent movement of proteins to the tips by hair-cell myosins, most of which climb from bases to tips. Or it may reflect a rapid regulation of actin filaments, which can change length by ,0.1 mm when tip links are cut 2 . If so, there might be both polymerization and depolymerization at the barbed end. Rapid but local regulation of filament length is not inconsistent with the limited growth of stereocilia induced by overexpression of espin 3 .
In long-lived vertebrates, the actin of stereocilia must be replaced. It may be that treadmilling does occur, but at a timescale far longer than that studied here. It may instead be that individual actin filaments do not extend the length of the stereocilium-that free ends can accept or shed monomers and that unsynchronized treadmilling occurs on a submicroscopic scale. Unlike filopodia, stereocilia seem to develop once, elaborating an intricate staircase of heights that persists for the life of an animal; in most of their length, they then replace individual proteins slowly and without disrupting this exquisite structure.
METHODS SUMMARY
Tissue preparation and 15 N feeding. Adult bullfrogs (Rana catesbeiana) were maintained on a 15 N-leucine diet, then fixed and treated with EDTA to dissolve otoconia before embedding and sectioning.
Adult mice (Mus musculus, CD1 strain) were maintained on a 15 N-leucine diet before being killed and processed. For neonatal mice, mothers were maintained on 15 N food before and during pregnancy; at birth, the pups were moved to a control surrogate mother. A second set was born to control mothers and moved at birth to a surrogate mother that had been maintained on 15 N food.
Utricles were dissected, cultured overnight in DMEM-F12 with 1 or 6% FBS 16 and maintained in 15 N-enriched medium for up to 5 days. MIMS analysis. MIMS was performed as described previously 7 . 15 N incorporation was calculated by comparing counts for masses 27 and 26 to the natural abundance of 15 N (0.37%) and the relative abundance of 15 N in the food (1-2%). Photobleaching of cultured mouse utricles. We constructed mice expressing a b-actin-GFP fusion under the myosin-7a promoter, integrated in the HPRT locus on the X chromosome (see Supplementary Fig. 6 ). Utricles from neonatal pups (mosaic for the transgene) were cultured as above. Hair bundles were bleached on day 1; images were taken on days 3, 5 and 7. Conditional deletion of band c-actin. Actg1 flox and Act flox mice, in which exons 3 and 4 were flanked by loxP sites 14 were crossed to mice expressing Cre/Esr1 recombinase driven by the chicken b-actin promoter coupled to the cytomegalovirus immediate-early enhancer. Mice were dosed with tamoxifen to induce recombination. Anti-c-actin antibody clone 1-37 (ref. 15 ) IgG was conjugated to Alexa fluorescent dyes. FITC-labelled anti-b-actin antibodies (clone AC-15) were obtained from Abcam. 
LETTER RESEARCH
METHODS Tissue preparation and 15 N feeding. Adult bullfrogs (Rana catesbeiana) were fed an unlabelled control diet for 2-3 days, and were transferred at day 0 to a 15 N-rich diet. Food pellets contained 15 N-labelled leucine so that the 15 N content was 1.28%. Bullfrogs were fixed via cardiac perfusion with 4% formaldehyde 1 0.1% glutaraldehyde. After decapitation, the saccules were exposed and the head and carcass stored in 4% formaldehyde 1 1% glutaraldehyde. Heads were transferred to PBS before dissection of the saccules. Saccules were then treated with EDTA for 2-10 days to dissolve otoconia before embedding in Epon and sectioning.
Adult mice (Mus musculus, CD1 strain) ate control food that contained no added 15 N, and then were switched to food with 15 N-leucine (either 1.28 or 1.23%) for up to 150 days. Neonatal mice were labelled in two ways. For one set, mothers were fed 15 N food for 4-8 days, mated, and continued on 15 N food until pups were delivered ( 15 N mother). At birth, the pups were moved to a surrogate mother that had been maintained on control food ( 14 N mother). A second set was born to 14 N mothers and moved at birth to a surrogate mother that had been maintained for 24-28 days and was continued on 15 N food. Pups were nursed by surrogate mothers for 0, 2, 4, 8 or 15 days before being killed and fixed. At least two animals (four inner ears) were prepared for each condition.
Cultured utricles were dissected by standard methods 17 . After removing the otolithic membranes, the maculae were plated on a sterile portion of ACLAR film (EMS) and incubated in DMEM-F12 containing 100 mg ml 21 carbenicillin, with either 1 or 6% FBS. After an overnight incubation, the medium was replaced with 15 N-enriched medium ( 15 N, Cambridge Isotopes, 2.44 or 1.35% 15 N). The cultures were then incubated at 37 uC for up to 5 days until fixation. Tissues were fixed in 4% formaldehyde 1 0.1% glutaraldehyde in cacodylate buffer for 15 min at 22 uC, then overnight at 4 uC. Cultures were then moved to cacodylate buffer and held for 2-3 days at 4 uC, before processing in batches for plastic embedding, as above. MIMS analysis. In the multi-isotope imaging mass spectrometer 7 , a ,30 nm beam of Cs 1 ions, scanned across the sample, sputters atoms, atomic clusters or molecules from the surface, of which a small fraction are ionized. Negative secondary ions are accelerated back, then shaped with ion optics and analysed with a double sector mass spectrometer employing four detectors, each tuned to a specific mass. Because N 2 is not charged, 15 N and 14 N were detected as cyanide anions, 12 C 15 N 2 and 12 C 14 N 2 , mass 27 and mass 26, respectively, and their ratio was calculated for each point in the raster scan.
We calculated the proportion of newly synthesized protein, for each pixel of the field, from the ratio of counts in the 12 C 15 N and 12 C 14 N images according to
where N 27 and N 26 are the counts in each pixel for masses 27 and 26, A n is the natural abundance of 15 N (0.37%), and A f is the relative abundance of 15 N in the food (1-2%). Incorporation was displayed with a hue saturation intensity transformation (HSI) in which the hue corresponds to the ratio value, and the intensity is an index of statistical reliability 8 . Image analysis performed in ImageJ/ OpenMIMS (NIH/NRIMS). 3D reconstructions made in ImageVis3D (NIH/ NCRR SCI/CIBC). Photobleaching of cultured mouse utricles. To label endogenous actin, we constructed mice expressing a b-actin-GFP fusion under the myosin-7a promoter, integrated in the HPRT locus on the X chromosome. Correct integration of the BAC was confirmed Southern blot using flanking probes. Details of the construction, using methods previously described 17 , are in Supplementary Fig. 6 .
Neonatal pups (heterozygous and therefore mosaic for the transgene) were killed between P0 and P4, their utricles dissected and cultured as above. Dissection was performed on experimental day 0, then stereocilia were bleached on day 1 and images were taken on experimental days 3, 5 and 7. Each imaging day, the cells were transferred to DMEM-F12 without phenol red and then to the stage of an Olympus FV1000 confocal (upright configuration, LUMFL 360 immersion objective, 1.1 NA) with a warmed chamber. On day 1, a Z-stack of the selected field containing 20-50 hair cells was collected using confocal imaging of the GFP with a 488 nm laser. Target hair bundles were selected and bleached with one to three 300-ms flashes of a focused 405 nm laser at 20 ms pixel 21 . Each selected bundle in the field was separately bleached. After bleaching, another Z-stack for the whole field was collected to confirm the bleached locations. The following experimental days one Z-stack per field was acquired. Movement of the bleached line was assessed by rotating the image stack to observe the line relative to the full length of the bundle. Conditional deletion of band c-actin. The Actg1 flox and Actb flox mice, in which exons 3 and 4 were flanked by loxP sites 14 were crossed to transgenic mice expressing Cre/Esr1 recombinase driven by the chicken b-actin promoter coupled to the cytomegalovirus immediate-early enhancer (Jackson Labs; stock number 004682). All mice were on the C57BL/6 background. Mice were dosed with tamoxifen once a day for 4 days to induce recombination (20 mg ml 21 in corn oil, administered as 0.15 mg tamoxifen per gram of mouse by oral gavage). Esr1 control of Cre recombinase seemed to be leaky, in that 18-week-old mice that had not been given tamoxifen had the same actin-distribution phenotype as mice given tamoxifen; both were different from mice lacking CAG-Cre/Esr1. The phenotype was seen in a few cells of 3-week-old mice even in the absence of tamoxifen, so we restricted quantitative analysis to mice dosed with tamoxifen at 3 weeks.
Monoclonal mouse anti-c-actin antibody clone 1-37 IgG (ref. 15 ) was purified from ascites using a T-gel Purification kit (Pierce) and conjugated to either Alexa-488 or Alexa-568 fluorescent dyes using a Monoclonal Antibody Labelling Kit (Invitrogen) following the manufacturer's instructions. FITC-labelled anti-b-actin antibodies (clone AC-15) were obtained from Abcam (validated in ref. 14) .
For labelling, mice were perfused with 4% paraformaldehyde in PBS. Cochleas were then dissected and incubated in the same fixative for 2 h at room temperature (22 uC), washed in PBS and decalcified in 170 mM EDTA in PBS at 4 uC for 16 h. The organ of Corti was dissected, postfixed in 100% methanol at 220 uC for 10 min, rinsed in PBS and permeabilized in 0.5% Triton X-100 in PBS for 20 min at room temperature. Tissue was blocked for 1 h in 5% goat serum in PBS before incubation with the indicated antibodies. Samples were mounted in ProLong anti-fade reagent and viewed on a Deltavision PersonalDV deconvolution microscope equipped with a 3100 1.4 NA objective (Applied Precision). Stacks of images were collected at 0.20-mm intervals and deconvolved using Resolve3d software (Applied Precision).
